I shall discuss ternary mixtures of oil, water, and amphiphile, and how the observed behaviors of the interfaces between the various phases are a direct consequence of the nature of the amphiphile itself. For this purposes, an amphiphile can be talien to be a molecule which, by construction, ha.s a part which likes water and another part which likes oil. Hence "amphiphile", from the Greek mea.ning Ioving both. These molecules try to make interfaces between the oil and water at which they can sit and lower their energy. In such ternary mixtures, one oberves several phases of which three liquid ones, which can all coexist, will be of interest to us here; a water-rich phase, an oil-rich phase, and a "middle" phase, which contains both water and oil, and more amphiphile than the other phases. An amphiphile is considered to be a good one if the concentration of amphiphile in this middle phase is rather small, for then only a small amount of it is needed to solubilize the other two components. Similarly, if the concentration of amphiphile in the middle phase is rather large, the amphiphile is considered to be a poor one.
What are the behaviors to be explained? Consider, first, a balanced system, one in which the concentration of amphiphile in the oil-rich and water-rich phases is the same. If the amphiphile is a good one, then the middle phase does not wet the interface between the oil-and water-rich phases. In a first experiment (I), one substitutes poorer and poorer amphiphiles, and finds that the contact angle of the pendant drop of middle phase decreases monotonically to zero, at which point the middle phase does wet the interface. For a second experiment, let us stay with the system of a good amphiphile and change the temperature so that the system becomes unbalanced. The compositioi~s in the middle phase will approach those of one of the other phases, and these two will eventually become critical in the presence of the third at a critical endpoint. As John Cahn pointed out long ago (2), one expects a wetting transition to occur before the endpoint is reached. The results of the experiment (3) are shown in Fig. 1 where one sees that the behavior of the contact angle is certainly not monotonic and. for two of the amphiphiles, no wetting is observed as one or both of the endpoints is approached. In light of the Cahn argument, this is somewhat disconcerting. Fig. 1 Behavior of the contact angle O, vs. reduced temperature 6 for three different systems. The critical endpoints are at 6 = il. After Ref.
0,

3.
In order to understand this behavior, the usual Landau free energy functional will be employed. First, let us recall how it works in normal fluid systems. The fluid is described by a one-component order parameter M ( r ) which we can think of as the local concentration difference between oil and water. The Landau free energy functional of this order parameter is The first term of the above ensures that spatial variations of the order parameter are costly, so that uniform bulk phases are preferred by this free energy. Information about the bulk phases are contained in f ( M ) , the bulk free energy per unit volume. If there were one bulk phase characterized by the value AIo everywhere, then for A4 close to Mo
The absolute minimum of Eq. 1 with this f(h4) is attained when iM = ibfo everywhere. FIuctuations about this value are easily calculated. If the local value of LM is expanded about its average value M ( r ) = M0 + -14, exp(iq. r ) , ( 3 ) 4 then one finds that the ensemble average of A4, M-, which is proportional to the structure factor S(q) is a Lorentzian 1
and its Fourier transform, the correlation function, decays exponentially where the correlation length t = m .
So much for one phase.
Let us now suppose that we have two phases in coexistence, one characterized by M = Mo, the other by M = -Mo. This situation can be described by Let the two phases be in coexistence, with an interface in the xy plane. The order parameter profile will now vary with the z coordinate in such a way that M ( z ) .will approach f Mo as z approaches &co. The desired profile is the function M ( z ) which minimizes Eq. (I), or equivalently, dM (8) subject to the given boundary conditions. One gains intuition by noting that this problem is, mutatis mutandi, equivalent to minimizing the action of a particle of mass m moving in a potential V, ( 9 ) Note in particular that f ( M ) plays the role of -V ( x ) so that our original problem with two minima is analogous to a classical particle in a region with two hills. Our boundary conditions are equivalent to requiring that the particle start from rest on one hill and, after being given an infinitesimal shove, come to rest on the other hill. The trajectory x ( t ) is identical to the profile M ( z ) .
The Euler Lagrange equation which minimizes the action ( 9 ) is, of course, Newton's law with the first integral
In our case, with the potential being the negative of f ( M ) of Eq. (7), the energy of the particle is zero, and Eq. (11) leads to which can be inverted to obtain the trajectory x(t). When this is carried out for the explicit form of the potential obtained from Eq. (7) and reexpressed in terms of the variables of the original statistical mechanics problem, one obtains the familiar profile
With this profile, one can now evaluate the interfacial tension from Eq (8).
Now let us turn to three phase coexistence which is what we encounter in the ternary mixture. To calculate the interfacial properties within the Landau theory, we simply write down a function f ( M ) with three minima, at Mo, 0, -Mo say, and solve for the profile as before. We need not carry this out to obtain an important result concerning the oil water interface, a result which is most easily seen from the classical mechanics analogy. Our terrain now consists of three hills. Our particle starts on the leftmost hill and is to end up on the rightmost hill.
It is clear, from conservation of energy, that before the particle gets there, it will come to rest (spend an infinite time) at the center hill. Translated to the statistical mechanics problem, this means that there will be an infinite thickness of the middle phase sitting between the oil and water phases, i.e. the middle phase will always wet the oil water interface within this Landau theory. Yet this result is contrary to experiment.
What is wrong with this approach? In the case of amphiphilic systems, the problem is that the simple Landau theory does not permit a correct description of the amphiphile. Because of the nature of the amphiphile, it likes oil to be near water. It therefore favors gradients in the order parameter. This can be put into the Landau theory by letting the coefficient of the gradient squared term in Eq. (1) be negative. However, if it is negative, the functional of Eq.
(1) has no minimum. This can be easily remedied (4) by adding a term proportional to the square of the Laplacian of M , that is we replace the functional of Eq. (1) by
where c > 0. Note that the coefficient g generally depends on A4 because we expect g to be negative for values of A4 which describe the middle phase, but to be positive for M in the oil or water phases. One can see that this Landau form is correct for amphiphilic systems because the structure function which one obtains from it is (c.f. Eq. 4) which, for g < 0 has a peak at a non-zero value of q, the signature of a structured fluid. For the correlation function G(r) one finds that it decays exponentially with the same correlation length ( as before provided that y r g/& > 1, while for 1 > y > -1
There are now two lengths ( 5 ) , the correlation length and the wavelength X The oscillatory behavior of Eq (16) reflects the ordering properties of the amphiphile. Note that this oscillatory behavior vanishes at the disorder line (6) given by y = 1.
We can now return to the problem of three coexisting phases to see whether we have, in fact, fixed up the problem as we intended. We must now extremize (c.f. Eq 8) In the classical mechanics analogy, this would lead to a strange dynamics with the constant of motion Clearly our intuition from classical mechanics is no longer of any use. But we can see that even when the energy E = 0, the particle can pass through the top of the middle hill where V ( x ) = 0 with a non-zero velocity because the sign of the new first term can be opposite that of the "kinetic energy" term. The result for the statistical mechanics problem is that the middle phase need not wet the water oil interface.
The Euler Lagrange equation, Eq (30) or its statistical mechanics analogue, is not readily soluble with an arbitrary free energy per unit volume f ( M ) and arbitrary coefficient g(M). However, when f ( M ) is taken to be a piecewise continuous and parabolic function, and g ( M ) is taken to be piecewise constant, such as and then the Euler Lagrange equation becomes a linear ordinary differential equation with constant coefficients and the problem is easily solved. The profile is a sum of exponentials, and if all y, r gi/& > 1, then all exponents are real, while if some -1 < y, < 1, then some exponents are complex. It is in the middle phase that we expect this to happen. Once the profile is calculated, the interfacial tension can be obtained as before. The only tension which gives any difficulty is the oil water tension. For this, we allow a thickness L of middle phase to come between the oil and water phases, calculate a ( L ) , and then minimize this tension with respect to the thickness. This minimum gives the actual tension, and the value of L for which it occurs gives the actual thickness. If L is infinite, the middle phase wets the oil water interface, whereas if it is finite, it doesn't. From the three interfacial tensions, the contact angle of a pendant drop can be obtained (7) . We have now understood the first set of experimental measurements referred to in the introduction. In order to understand the second, we apply the same theory to the case in which a critical endpoint is approached (8) . The equilibrium values of the order parameter in the three coexisting phases are taken to be MI, M2 = 0, and M3 = -moMl. The critical endpoint occurs as mo -+ 0, and phases 2 and 3 become critical. We approximate f (M) by the piecewise continuous function where M12 = M l / ( l +?no), and M23 = -moMI/2. Note from Eq. 24 that the curvature of the parabolas describing phases 2 and 3 decrease in proportion to the square of the order parameter difference M2 -M3 = moM1 as the endpoint is approached, just as in mean field theory. For g(M) we take the piecewise constant form Several choices remain as to the parameters which describe the three phases. The spectator phase is essentially described by the single parameter u gl/&. This phase will be an ordinary fluid, as opposed to a rnicroein~~lsion, provided that u > 1. The properties of phases 2 and 3 are set by the ratios g21gl and g3/g1, which determine the relative difficulty of bringing about variations in the order parameter Arl(z) in these phases. Physically, this should depend on the concentrations of amphiphile in them, concentrations which vary as the critical endpoint is approached. Thus we let these ratios depend upon mo. We choose the linear dependence
Because the concentration of amphiphile in phase 3 increases as the critical endpoint is approached, we expect it to become less difficult to bring about spatial variations in the order parameter. Hence we have chosen g3 to decrease along this path, i. e. as mo -+ 0. Similarly, the concentration of amphiphile in phase 2 decreases, so that we have chosen g2 to increase along this path. When mo = 1 and the order parameters in phases 1 and 3 are equal and opposite, we have required the system to be "balanced" by imposing the condition g3(l) = gl. In a balanced system, the middle phase has its largest concentration of amphiphile, and is therefore closest to being unstable to a lamellar phase. In order to ensure that it is stable, our parameterization requires -1 < s. The closer s is to -1, the more structured is the microemulsion. Near the critical endpoint, gz and g3 approach the common value rgl. Hence, the smaller the value of r, the less resistant are these phases to spatial variations in the order parameter. When r = 0, the endpoint is a Lifshitz critical point (9) .
From these co~isiderations, we model poor alilphiphiles by a larger value of r and smaller value of lsl, and good amphiphiles by n smaller r and larger lsl. Figures 2 and 3 show results for a series of seven increasingly strong amphiphiles. The contact angle is shown as a function of m; because, in mean field theory, this is to the temperature when close to the critical endpoint. Hence the figures are more directly comparable to Fig. 1 . The system is balanced at = 1, and the endpoint occurs at ma = 0. The value of u = 1.58 in all'cases. .i wetting transition occurs in all cases before the critical endpoint is reached, in accord with the Cahn argument. In fact the behavior of the contact angle can be explained in the light of this argument. Let us begin with the balanced system for which no phase wets the interface between the other two. Although the Cahn argument predicts a wetting transition, it does not state whether the contact angle of the pendant drop we have been discussing should decrease, indicating that phase 2 will wet the 1-3 interface, or should increase, indicating that phase 3 will wet the 1-2 interface. Which of these should occur depends upon the sign of the field which couples to the difference 1 U 2 -1%. Normally, this field arises simply from the fact that variations in the order parameter M ( z ) are costly. Thus the spectator phase, 1, prefers the middle phase angle, and the wetting of the 1-3 interface by phase 2. The analysis is quite different when the interface with phase 1 is coated with amphiphile, because the amphiphile prefers to have large gradients in the order parameter. Therefore, it prefers phase 3 to sit next to phase 1, rather than a macroscopic amount of phase 2. The effect of the amphiphile, then, is to produce a field which is negative. of opposite sign to that produced by phase 1 alone. By itself, this field favors the increase of the contact angle, and the wetting of the 1-2 interface by phase 3. The actual behavior of the contact angle depends on the competition of these two tendencies as reflected in the net sign of the effective field. In a balanced system with a good amphiphile, the effect of the amphiphile is dominant and the contact angle initially increases. However as one moves toward the endpoint, the amount of amphiphile in the middle phase decreases, and it becomes less structured. The influence of the amphiphile weakens, so that the effective field changes sign, and the contact angle decreases. This field ultimately causes a wetting transition as predicted by the Cahn argument. Fig. 3 Same as in Fig. 2 , but the amphiphiles are stronger. In order of 'increasing amphiphilic strength. the curves are shown dashed, dot-dashed. and solid.
To summarize, we have seen that the wetting properties of microemulsions are directly related to the fact that the microen~ulsion is a complex fluid, one which displays a tendency to order on a length scale unrelated to the bulk correlation length. By extending the usual Landau treatment of interfaces to encompass this tendency, we can employ this procedure to predict the interfacial properties of these systems. The predictions that the wetting transition in a balanced system will be first order and occur on the structured side of the disordered line have already been confirmed. The prediction that, in a system with a very good amphiphile, the contact angle of the middle phase can actually reach lSOO, producing the analogue of a "drying" transition, has yet t o be tested.
Finally, I wish to address the origin of the ultralow oil water tensions when the oil-and water-rich phases coexist with a microemulsion made with a good amphiphile. It is often stated that this low tension is associated with a bulk critical point, but this is not so. If it were, one would expect the oil-rich and water-rich phases to be relatively close in composition to one another. In actuality, the composition of these phases is that of relatively pure oil or water. If a critical point is not the origin of this low tension, what is?
To answer this question, consider a balanced system in which we have a lamellar phase, and let us imagine that, by decreasing the amphiphile concentration, we could increase the spacing between the lamellae without limit until we were left with a single amphiphile sheet separating the bulk oil-rich phase from the water-rich phase. (This scenario is often referred to as a continuous unbinding transition.) Just at the point at which the spacing diverges, we would have three phase coexistence between oil-rich, water-rich, and lamellar phases. It would be a particularly interesting three-phase coexistence however. Because the wavelength characterizing the lamellar phase is infinite, the amphiphile concentration in all three phases would be identical; the usual three phase triangle would have collapsed to a three phase line. It is easy to see that, under these conditions, the oil water interfacial tension, sow is identically zero: the free energies of all three phases must be identical, and the free energy of the lamellar phase differs from those of the other two only by an amount uow -B per unit wavelength, where B is the binding energy of the lamellae. This difference must be zero at three phase coexistence, hence the interfacial tension is equal to the binding energy. This is true even when the lamellar phase is characterized by a finite wavelength, but when, as we are envisioning, this wavelength diverges, the binding energy vanishes. Thus the oil water tension vanishes also. We have produced, therefore, a situation in which the oil and water phases coexist with a middle phase and with one another, yet the tension between oil and water phases vanishes (10) . Furthermore. the amphiphile is an extraordinary solubilizer in that no additional amount of amphiphile is needed to solubilize the oil and water in the middle phase than already esist in the oil-and water-rich phases. Finally, as I have not used the symmetry of the lamellar phase in this argument, I can let the middle phase be a disordered one, in which case we have produced the ideal microemulsion.
I cannot resist the following argument to indicate that the ideal microemulsion does not wet the oil water interface. Assume that it does not. Then the picture of the middle phase as coherent regions of bulk oil and of bulk water separated by microscopically thin regions of amphiphile is a self consistent one. If, on the other hand, we assume that the middle phase wets the oil water interface, then any two adjoining coherent regions of oil and water in the middle phase cannot be adjoining at all, but must be separated by a macroscopically thick region of more middle phase, and so on ad znfinitum. -4s this picture is not self-consistent, I conclude that the ideal microemulsion does not wet the oil water interface.
I also want to note that this picture of the ideal microemulsion, which differs from the other two phases with which it coesists only in the difference in oil and water concentrations, and not in the amphiphile concentration, lends further support to our earlier Landau treatment in which we used only the difference in oil and water concentrations to label the three phases, rather than employing a Landau expansion in two independent concentrations. A real microemulsion differs from the ideal one, of course. The amphiphilic sheets cannot be separated an infinite distance before three-phase coexistence is encountered. The maximum distance they can be pulled apart before coesistence is reached is thought to be on the order of the persistence length (11) . When the sheets are rather rigid, and this distance is large, the height of the three phase triangle will not be zero, but it will be small, so that the amphiphile is still a very good solubilizer. Also, as the sheets are separated by a finite distance, their binding energy will be non-zero. But if their spacing is large, this binding will be small, and therefore the water oil tension will be also. These arguments will apply whether the middle phase is lamellar, or a disordered microemulsion.
We see. then, how the interfacial properties of amphiphilic systems follows from the self assembling nature of the amphiphiles 1%-hich bring about a structured fluid. It was shown by explicit calculation that this structure was directly reflected in the wetting properties of these systems. Finally, we saw how the scale of this structure is related to the low interfacial tensions between coesisting oil and water phases.
